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Color appearance can be studied using either Maxwellian-view optical systems or natural viewing (New-
tonian-view). We show that the results are not precisely comparable when the natural pupil is apprecia-
bly larger than the entrance pupil of the Maxwellian beam. The wavelength for any given hue that is
obtained from one viewing system is not the same as that obtained from the other viewing system:
for the same hue, the required wavelength under Newtonian view is longer than under Maxwellian view.
 2008 Elsevier Ltd. All rights reserved.1. Introduction
All photons are not equal for the retina’s cones. In this paper, we
present evidence that color appearance of monochromatic lights
that pass through a small portion of the center of the natural pupil
(Maxwellian view) is not the same as when the same lights, at the
same retinal illuminance, pass through all parts of the natural pupil
(Newtonian view).
This shift in appearance usually will be observed only in labora-
tory conditions when stimuli are seen against a dark background
and are well-spaced in time. Under these conditions the natural
eye will be at least partially dark-adapted and the natural pupil
quite large. Thus we must consider the effect of differences in pupil
diameter. The Stiles–Crawford effect shows that photons entering
the eye through the edge of a dilated pupil are much less effective
than those entering through the center (Stiles & Crawford, 1933).
The former strike the receptors at an oblique angle and are less
likely to be transmitted through the entire length of a cone’s entire
outer segment. Hence they are less likely to be absorbed, which is
the basis for the Type I Stiles–Crawford effect (S–CI), the reduction
in brightness of edge-entering rays (Walraven, 1962).
A consequence of S–CI is that when the natural pupil is used, its
effective diameter is about 2–3 mm (Rodieck, 1998). Thresholds for
photons passing through the pupil at greater eccentricities are con-
siderably higher, which would seem to imply that they contribute
relatively little to sensation. Thus, sensory functions obtained withll rights reserved.
chology, Hunter College, City
NY 10012, USA. Tel.: + 1 212
on).optical systems based on a Maxwellian view should be the same as
those from Newtonian, or natural, view. In the former, light from
the optical stimulator is conﬁned to the central region, usually
about 2 mm, of the participant’s pupil. In the latter case the stim-
ulus is viewed with the eye’s entire natural pupil; however, due to
the limitations imposed by S–CI, this should provide a retinal stim-
ulus that is approximately as effective as that from the Maxwellian
view.
In this paper, we show, however, that there is a marked differ-
ence in the appearance of monochromatic lights seen under these
conditions: the wavelength that elicits a speciﬁc hue sensation is
clearly longer for Newtonian viewing than for Maxwellian viewing.
2. Methods
2.1. Participants
Participants were screened for normal color vision using Dvo-
rine Pseudo-isochromatic plates. The quality of their color vision
was assessed using the Farnsworth Dichotomous Test For Color
Blindness, Panel D-15, and Lanthony’s Desaturated 15 Hue Test;
numerical indices were computed to characterize any reversals
in their sequences of the colored caps (Vingrys & King-Smith,
1988). All had normal color vision. All tests were monocular and
eye-sequences were randomized.
There were 50 participants for the Newtonian-viewing condi-
tion; 32 females and 18 males with mean age of 26 yrs and range
of 16–69 yrs. For the Maxwellian-viewing condition, there were 47
participants; 32 females and 15 males with mean age of 26 yrs and
range of 16–51 yrs. We have found that under our conditions and
with our methods, color appearance remains very stable across this
Fig. 1. Hue and saturation scaling functions for large groups of participants who
viewed monochromatic lights against a dark background. Group means ± 1 SEM.
Stimuli were circular 10 patches, 500 ms duration, with a retinal illuminance of
about 25 Td. (a) Stimuli presented in Maxwellian view; 50 participants. (b) Stimuli
were presented on a rear-projection screen and seen in Newtonian view; 47
participants.
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were run at different times and for different purposes, there was no
overlap in the groups of participants; comparisons are strictly be-
tween-groups.
This study was approved by the Institutional Review Board of
Brooklyn College, where all the studies were conducted. All partic-
ipants were volunteers and gave informed consent to participate in
this study. The experiments were conducted in accordance with
the principles embodied in the declaration of Helsinki (Code of Eth-
ics of the World Medical Association).
2.2. Apparatus and procedure
For both viewing conditions, monochromatic lights were pro-
vided by grating monochromators with triangular exit spectra
and half-power bandwidths of 12 nm. Blocking ﬁlters were used
were necessary to prevent contamination by second-order spectra.
Illumination was provided by tungsten–halogen sources. All stim-
uli were equated for photopic intensity by adjusting lamp voltage.
Stimulus durations were controlled by electromagnetic shutters,
placed at focal points of the light sources, and driven by digital tim-
ers. For both viewing conditions, a participant’s head was stabi-
lized with a rigid chin and forehead rest and stimuli were seen
against a dark background; for Newtonian-viewing, stimuli ap-
peared on a rear-projection screen.
Calibrations were made with a scanning spectro-radiometer/
photometer (Photo Research, Model 703A/PC). For Maxwellian
viewing, retinal illuminance was derived according to the method
of Westheimer (1966). For Newtonian viewing, the luminance of
the screen was measured from the participant’s position and con-
verted to retinal illuminance using Table 15 in Le Grand, 1957.
In both conditions, stimuli were viewed foveally; they were cir-
cular 1 patches, 500 ms duration, with a minimum inter-trial
interval (ITI) of 20 s. Retinal illuminances were about 25 Td. Room
lights were off. Given the brief stimulus ﬂash, long ITI, and dark
room, we assumed an average dark-adapted pupil diameter of
6 mm. For the Newtonian condition, stimuli ranged from 430 to
660 nm in 10 nm steps; these were presented in random order in
ﬁve blocks; the ﬁrst block was ‘‘practice” and not included in anal-
yses; data were averaged across the remaining four blocks. Within
a block each stimulus appeared once; thus, each participant’s data
points are means of four repetitions. The only change for the Max-
wellian condition was that stimuli ranged from 440 to 660 nm.
This was because the amount of light available at short wave-
lengths differed between the optical systems.
Color appearance of each ﬂash was described using our magni-
tude estimation procedures of hue and saturation scaling (Abra-
mov & Gordon, 2005; Gordon, Abramov, & Chan, 1994). Brieﬂy,
after each ﬂash participants stated the percentages of their hue
sensations that were red (R), yellow (Y), green (G), or blue (B),
for a total of 100%; multiple names were permitted; separately
they stated the percentage of the sensation that was chromatic
(saturation). Each verbal response was recorded on a computer
for later analysis. Smooth curves (splines) were ﬁtted to the data,
which could be re-plotted on a two-dimensional uniform appear-
ance diagram (UAD).
3. Results
Group mean hue and saturation functions, ±1 SEM, are shown in
Fig. 1 for the two viewing conditions. Note that the raw data con-
sisted of hue ratings that summed to 100%, with saturation forming
a separate scale. In the ﬁgure, the hue values have been re-scaled
by the associated saturation values so that the hues now sum to
the saturation value, which is a more informative way of displayingthe data (Gordon et al., 1994). The curves in Fig. 1 are very similar
for the two viewing conditions.
Differences between the viewing conditions become clear, how-
ever, when the data are re-plotted as in Fig. 2, which is a Uniform
Appearance Diagram (UAD) that shows the smoothed appearance
data on two bipolar, orthogonal axes: yellow–blue and green–red
(Abramov & Gordon, 2005; Abramov, Gordon, & Chan, 1990; Chan,
Abramov, & Gordon, 1991). The UAD is obtained by smoothing the
data in Fig. 2 with a cubic spline whose values are derived at 1 nm
intervals. (Error bars cannot be shown usefully in this space since
each point has two bars associated with it – one for each axis.
However, the magnitude of the errors can be gauged from Fig. 1
from which this ﬁgure is directly derived.)
The color appearance space for our monochromatic stimuli seen
in Maxwellian-view is rotated clockwise with respect to that for
the Newtonian condition. This shows that the hue sensations
evoked by the different stimuli depend on the optical viewing
conditions.
In Fig. 3, we show the differences in the stimuli needed to elicit
the same hue sensations for these two viewing conditions. Consid-
ering only the hue sensations (i.e., hues before re-scaling by their
associated saturations), we derive from the detailed UAD the wave-
lengths associated with a series of hue ratios, such as 100%B,
Fig. 2. Scaling functions for Maxwellian and Newtonian views from Fig. 1 re-
plotted on a two-dimensional Uniform Appearance Diagram (UAD) with bipolar,
orthogonal axes of yellow–blue and green–red.
Fig. 3. Comparison of the wavelengths required to elicit the same hue sensations
from Maxwellian and Newtonian views; derived, by interpolation, from the
smoothed functions ﬁtted to the UADs in Fig. 2. The wavelength eliciting a speciﬁc
hue under Maxwellian conditions is subtracted from the wavelength eliciting the
same sensation under Newtonian conditions.
Fig. 4. Comparison of the saturations of monochromatic stimuli seen in Maxwellian
or Newtonian views shown in Fig. 1a and b. Percent saturation under Newtonian
conditions is subtracted from percent saturation under Maxwellian conditions at
each wavelength.
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ratios under Maxwellian conditions was subtracted from that for
the Newtonian view and the results are in Fig. 3. Under our exper-
imental conditions, Newtonian viewing always requires a longer
wavelength to elicit the same hue as from Maxwellian viewing.
A comparison of Fig. 1a and b shows that under Newtonian
viewing there is also a small reduction in saturation of the mono-
chromatic stimuli. Fig. 4 shows this more clearly: the percent sat-
uration under the Newtonian condition has been subtracted from
that under the Maxwellian condition and the result plotted against
wavelength. Everywhere the difference is either very small or the
Maxwellian view yields a slightly more saturated appearance,
but without any obvious systematic change across the spectrum.
4. Discussion
The effects we report are clear but not easy to understand. For
instance, one of the sensations that usually appears rock-stable un-
der a wide range of stimulus conditions is the spectral locus of the
unique hues, especially that of Y (e.g., Abramov & Gordon, 2005).
However, that stability was for data obtained from one type ofviewing condition. Here, we ﬁnd that even the loci of the spectral
unique hues also shifts markedly with optical viewing conditions
(see Fig. 3). At the very least this is a potential source of ‘‘noise”
in reported values of these spectral loci. (There is a wide range of
such values, some of which may depend on viewing conditions –
compare, for example, Abramov & Gordon, 2005; Schefrin & Wer-
ner, 1990; Webster, Miyahara, Malkoc, & Raker, 2000; Werner &
Schefrin, 1993.) The precise values of the unique loci can play a
major role in models of color vision. For example, the locus of un-
ique Y is thought to represent the balance point between L- and M-
cones in the Red–Green spectrally opponent hue mechanism; note
that by ‘‘hue mechanism” we mean the cortical systems that di-
rectly determine hue and not the LGN opponent neurons whose
spectral axes have to be rotated to coincide with perceptual axes
(e.g., De Valois & De Valois, 1993; Gordon & Abramov, 2001, chap.
4; Hurvich, 1981; Valberg, 2001).
There are several possible explanations for the differences we
report here. Firstly there is the difference in saturation. We dis-
count this since the saturation changes do not vary systematically
across the spectrum. Moreover, they have the smallest values pre-
cisely in the spectral region where the hue shifts are the largest:
the green–yellow quadrant.
A second possibility is that there is a difference in the retinal
illuminances and that somehow we miss-estimated the level for
the Newtonian condition and that it was in fact dimmer because
we had over-estimated pupil size. Intensity is known to shift col-
or appearance (e.g., the Bezold-Brücke color shift). We discount
this explanation as well. We have data from a group of 5 partic-
ipants (all females, ages 16–27) who scaled the appearances of
monochromatic lights seen in Newtonian views at several retinal
illuminances, including 10 and 25 Td. In Fig. 5, we show the
shifts in wavelength required to elicit the same hues at each
of these intensities. The ordinate shows the shift in wavelength
when subtracting the wavelength of the 10 Td stimulus eliciting
a speciﬁc hue from that of the 25 Td stimulus eliciting the same
sensation. Everywhere the more intense stimulus requires a
longer wavelength for the same sensation. Note that this is ex-
actly in the opposite direction than the shift shown in Fig. 3 in
which the Newtonian-viewed stimulus, arguably the dimmer
one, required a shorter wavelength to elicit the same hue as
from the Maxwellian stimulus. The other possibility is that the
intensity in the Newtonian condition was higher than our esti-
mate. As already stated, based on the long ITI, short ﬂash, and
dark room we estimated pupil size to be 6 mm. We argue that
to produce a substantial increase in retinal illuminance, pupil
size would have to be unrealistically large. Furthermore, the
shape of a Bezold-Brücke color shift function, from hue scaling,
is not the same as our wavelength shift function: in the Bez-
old-Brücke function the shift is in one direction for part of the
spectrum and in the opposite direction for the other part of
the spectrum (Gordon & Abramov, 1988).
Fig. 5. Comparison of data from a group of 5 participants who scaled color
appearance at 10 and 25 Td of monochromatic stimuli seen in Newtonian view.
Wavelengths eliciting speciﬁc hue ratios at each intensity were derived from the
UADs for each intensity. The wavelength at 10 Td that elicited a speciﬁc hue was
subtracted from the wavelength eliciting the same hue at 25 Td.
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that some of the effects may be due to rod intrusions. Under New-
tonian conditions the rods would not show a SC-I and so might
contribute some generally desaturating or even chromatic signal
as compared with the Maxwellian condition. We doubt this since
stimuli were conﬁned to the fovea and so should have had minimal
rod intrusion. However, it is possible that our 1 stimulus included
an appreciable number of rods or that scattered light stimulated
surrounding rods. In that case, we would have expected the major
desaturating effects to have coincided with the wavelengths of
maximal rod sensitivity, which is not the case (see, Fig. 4).
Finally, we must consider the sensory effects of rays that enter
through the edges of the natural pupil in the Newtonian view: the
hues associated with each wavelength are shifted, which is the
Type II Stiles–Crawford effect, or S–CII (Alpern, 1986; Wyszecki &
Stiles, 1982). The probable basis is that these edge rays strike cones
at oblique angles and are more likely to pass out of the receptors
before passing through the entire outer segment, which would
have the effect of making the absorption spectrum of the pigment
narrower (e.g., Walraven, 1962).
Fig. 6 shows indetail the shift in appearancebetween the twocol-
or spaces from Newtonian and Maxwellian views. From the
smoothed curves for theUADs in Fig. 2we obtained thewavelengths
for speciﬁc hue ratios: e.g., 100B, 90B + 10G, etc. Thiswas done in 5%Fig. 6. The shift in appearance between the two color spaces for Maxwellian and
Newtonian views in Fig. 2. Speciﬁcally, the shift in wavelength for Newtonian-
viewing needed to obtain the same appearance (hue) as for Maxwellian-viewing
(see text for details). Also included is a typical S–CII curve from the literature.steps from 40R + 60B (i.e., ‘‘violet”) to 100R. Then, taking the Max-
wellian case as the base, we asked, for each hue ratio, what was
thewavelength under Newtonian-viewing for the same appearance
as underMaxwellian-viewing. Fig. 6 plots the shift inwavelength for
Newtonian-viewing for the same appearance as for Maxwellian-
viewing. The range of hues for this comparison, from 100B to
15Y + 85R,was over the range forwhichwehad the full complement
of participants for eachhue ratio: for example, onlyhalf of thepartic-
ipants in Newtonian-viewing saw enough violet at short wave-
lengths to reach 30R + 70B and only 30 of 47 in Maxwellian-
viewing achieved this ratio. Similarly, some participants experi-
enced some Y at all the long wavelengths. Clearly the shift in Fig. 6
isnot simplya rotationof color space. Instead, the shapeof ourwave-
length shift shift function is reminiscent of S–CII. Fig. 6 includes a
typical S–CII curve from the literature (Enoch & Stiles, 1961).
We emphasize that we did not directly measure the SC-II, and
had no intention of doing so. The S–CII is usually measured by
comparing the appearance of pupil-center rays with rays entering
through the same size aperture near the edge of a dilated pupil. In
our case, the optics are decidedly not the same. Our participants
were effectively dark-adapted, because we used a dark surround,
and so had roughly 6 mm pupils. Thus, in the Newtonian condition
the participants viewed stimuli through the center of the pupil plus
an additional, large annular zone. Based on S–CI one might expect
that edge photons would not contribute greatly to the outcome.
However, there is a large offsetting area effect: With a 2 mm diam-
eter for our Maxwellian beam, and assuming a 6 mm pupil for
Newtonian-viewing, the added pupil area is greater almost by an
order of magnitude. One might, therefore, expect roughly equal
effectiveness of direct photons (Maxwellian case) with the sum
of photons across the entire natural pupil. The results suggest,
however, an unusually strong inﬂuence of the indirect photons;
but that cannot be the entire story because of the offset between
the two functions in Fig. 6. We have no explanation for this offset
except to note that our wavelength shift function is similar in
shape to the canonical SC-II. But we reiterate that our conditions
are not the same as the ones under which the SC-II is usually mea-
sured. We know of no data in which rays entering through the pu-
pil’s center are compared with those entering through a
surrounding annular zone, especially a large one.
Data such as we have presented are important for two reasons:
ﬁrstly, they show that the two optical arrangements we have con-
sidered are not entirely equivalent and that models of visual pro-
cessing must consider such differences when describing natural
viewing. Secondly our data highlight the importance of noting pre-
cisely how stimuli were presented when comparing data across
studies.
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